Recent studies have implicated local inflammation and activation of complement amongst the processes involved in the pathogenesis of age-related macular degeneration (AMD). Several lines of investigation also indicate that bis-retinoid pigments, such as A2E, that accumulate as lipofuscin in retinal pigment epithelial (RPE) cells, contribute to the disease process. In an investigation of a potential trigger for complement activation in AMD, we explored the notion that the complex mixture of products resulting from photooxidation of A2E might include a range of fragments that could be recognized by the complement system as ''foreign'' and that could serve to activate the complement system, leading to low-grade inflammation. To this end, we established an in vitro assay by using human serum as a source of complement, and we measured products of C3 activation by enzyme immunoassay. Accordingly, we found that the C3 split products inactivated C3b (iC3b) and C3a were elevated in serum, overlying ARPE-19 cells that had accumulated A2E and were irradiated to induce A2E photooxidation. Precoating of microtiter plates with two species of oxidized A2E, peroxy-A2E, and furano-A2E, followed by incubation with serum, also activated complement. We suggest that products of the photooxidation of bis-retinoid lipofuscin pigments in RPE cells could serve as a trigger for the complement system, a trigger than would predispose the macula to disease and that, over time, could contribute to chronic inflammation. These findings link four factors that have been posited as being associated with AMD: inflammation, oxidative damage, drusen, and RPE lipofuscin.
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inflammation ͉ macular degeneration R etinal pigment epithelial (RPE) cells are considered to be a cellular source for at least some of the material that accumulates in drusen, the extracellular deposits that form at the interface between the RPE and Bruch's membrane (1) . Increasing drusen area is also a risk factor for progression of age-related macular degeneration (AMD) (2) ; however, the primary stimuli underlying the formation of these deposits is unknown. Besides cholesterol and apolipoproteins B and E, sub-RPE deposits house a number of proteins, some of which, including C3, C5, and C9 (C, complement component), C-reactive protein, clusterin and vitronectin, are associated with inf lammatory or immune-mediated processes (3) (4) (5) (6) . It thus has been hypothesized that drusen form, at least in part, as a result of chronic local inf lammation (6) . This line of thinking is consistent with reports that AMD susceptibility is associated with a variant in the gene-encoding toll-like receptor 4, a proinf lammatory mediator (7) , that complement components in drusen promote choroidal neovascularization (5) ; that the risk of AMD is greater in individuals exhibiting high serum levels of C-reactive protein (8) , an inf lammatory modulator that when bound to certain ligands can trigger complement activation (9) . Importantly, 50% of cases of AMD are linked to variants in the gene-encoding complement factor H, a regulatory protein that suppresses formation of the C3 cleavage enzyme (C3bBb) (10 -13) . Sequence variants in factor B and in C2 also have been linked to AMD (14) . The triggers responsible for activating complement and local inf lammatory events are not known, but infectious agents and sequela related to oxidative processes have been suggested (13, 15) .
The complement cascade is an effector system that, upon activation, generates a number of bioactive products, some of which including the complement cleavage products C3a and C5a, trigger inf lammatory responses (16 -18) . Activation of complement can occur by three different pathways, two of these being the classical and alternative pathways. In the classical pathway, activation is initiated by binding of protein C1q, the recognition subunit of the C1 complex, to an activator. Binding of C1q is thought to occur via charge and hydrophobic interactions, and the typical activators are immune complexes; however, bacteria, parasites, transformed cells, DNA, and C-reactive protein-associated complexes also serve as activating substances (16 -19) . Activation of the C1 complex eventually leads to enzymatic cleavage of C4 and then C2, with the C4b and C2a fragments forming the C3 cleavage enzyme (convertase; C4b2a) of the classical pathway. Cleavage of C3, the most important of the C components, enables formation of C4b2a3b, the convertase of C5, which is the first of the components (C5-9) that forms the membrane attack complex.
Activation of the alternative pathway begins with binding of C3b to an activating surface. Once attached to the activator, C3b binds factor B, presents it for cleavage by f luid-phase factor D, and C3bBb, the C3-cleaving enzyme (C3-convertase), is formed. C3bBb cleaves additional C3 leading to amplification of the complement cascade. The molecule of C3b that instigates alternative pathway activation can be produced by the C3 convertase (C4b2a) of the classical pathway. Alternatively, it is generated at a slow rate by a constitutive process that, in the absence of cleavage, changes the conformation of C3 [C3(H 2 O) or C3i] such that it is able to bind factor B. This latter process (''tickover'') is mediated by small nucleophiles or water that gain access and react with the internal thioester of C3, rendering it able to form the C3 convertase with factor B (in the presence of factor D), thus initiating C3b formation (20) . All told, in addition to pathogens and immune complexes, complement activation can be triggered by stimuli as diverse as oxidatively modified low-density lipoproteins (21, 22) , amyloid-␤ (23), polyethylene implants (24, 25) , and carbon nanotubes (26) . The structural features that determine whether activation and amplification will occur are not clear, but particle surfaces bearing hydroxyl (-OH) and amine (-NH 2 ) nucleophiles increase the potential for activation (16 -18, 20) .
There often has been speculation of a possible association between the amassing of lipofuscin in RPE cells and drusen formation, but such a relationship has not been established. There is considerable variability amongst individuals in terms of the extent of the accumulation of RPE lipofuscin, but the most abundant accretion is in the RPE cells underlying central retina (27) . The most intensely studied of the RPE lipofuscin pigments are the bisretinoid compounds A2E (Fig. 1) , iso-a2E and the minor cis isomers of A2E, all of which have absorbance maxima in the blue region of the spectrum (28, 29) . A2E formation begins in photoreceptor outer segments from inadvertent condensation reactions between phosphatidylethanolamine (PE) and all-trans-retinal (atRAL) (1:2) that generate A2-PE, the immediate precursor of A2E (29 -31) . A2-PE is deposited in RPE cells during the normal process of outersegment phagocytosis and subsequent phosphate cleavage of A2-PE generates A2E. Other products of reactions of alltrans-retinal are all-trans-retinal dimer-phosphatidylethanolamine (atRAL d-PE) and its cleavage product atRAL dimerethanolamine, both of which have been isolated from the lipofuscin-filled RPE of Abca4͞Abcr null mutant mice and in RPE isolated from human donor eyes (32) . Besides having structures that are distinct from A2E, atRAL d-PE and atRAL dimer-ethanolamine have UV-visible absorbance spectra that are red-shifted relative to A2E (atRAL d-PE: max 265, 510; A2E: max , 335, 439).
The photoreactivity of RPE lipofuscin has been of immense interest to investigators for some time (33) . In the case of A2E, 430-nm irradiation leads to the generation of singlet oxygen and superoxide anion (34) (35) (36) . A2E is also an efficient quencher of singlet oxygen such that the carbon-carbon double bonds situated along the retinoid-derived side arms of A2E become oxidized, forming a mixture of oxygen-containing moieties including epoxides, furanoid oxides, and cyclic peroxides (36) (37) (38) , at least some of which are likely highly reactive (39, 40) . By mass spectrometry, products of photooxidized A2E (photooxo-A2E) present as a series of m͞z ϩ16 peaks starting from the M ϩ m͞z 592 peak (A2E). We have isolated monofurano-A2E and monoperoxy-A2E ( Fig. 1 ) in ARPE-19 cells that have accumulated A2E and are irradiated at 430 nm, and both have also been detected in RPE from aged human and in eyecups from mice with null mutations in Abca4͞Abcr (37), the gene responsible for recessive Stargardt disease (41) .
Here, we explore the possibility that products of the photooxidation of RPE lipofuscin pigments could serve as a triggering factor for the complement system, a trigger that would predispose the macula to disease and that could generate the low-grade complement activation that, over time, contributes to the chronic inflammatory processes underlying drusen formation. Because it is impractical to measure complement activation at the RPEBruch's membrane interface in the eye, we constructed in vitro models that employ complement in human serum to assay under cellular and noncellular conditions.
Results iC3b Generation by Photooxidation Products of A2E.
In these experiments, human serum was used as a source of complement (26), and as a first approach, we assessed complement activation by measuring f luid-phase C in serum placed in contact with ARPE-19 cells that had accumulated A2E and were irradiated at 430 nm to generate photooxo-A2E products. A2E photooxi- dation was monitored in companion cultures by extracting the cells in chloroform-methanol and analyzing by reverse-phase HPLC. The HPLC profile revealed a decrease in the absorbance of the A2E peak indicative of photooxidation and consumption of A2E ( Fig. 2A) . Photooxidation of A2E also was demonstrable when samples of A2E (m͞z 592) were irradiated at 430 nm and examined by FAB-MS (Fig. 2B) . When irradiation was delivered for 1 and 10 min, A2E photooxidation was evidenced by the appearance of peaks at m͞z 608, 624, 640, and 656 [m͞z 592 ϩ (n)16] along with diminished intensity of m͞z 592. Moreover, the decrease in intensity or loss of these peaks when irradiation was continued for 20 min is attributable to fragmentation of photooxo-A2E as oxidation proceeds. The O-O bonds of endoperoxide moieties in photooxo-A2E are likely sites for cleavage (37) .
To monitor C3 cleavage in the overlying serum, we began by measuring iC3b generation by using enzyme immunoassay. iC3b is a f luid-phase product of C3 activation within both the classical and alternative pathways; it forms when C3b is cleaved by factor I (16). Background levels of complement activation, determined by measuring iC3b after incubating serum in empty wells (2.5 h, 37°C; concurrent with the irradiation and incubation of cell-associated samples) were found to be 71.9 (Ϯ3.8 g͞ml) and, thus, severalfold greater than when serum was maintained on ice (3.8 Ϯ 0.3 g͞ml). Complement activation under these conditions was probably due, at least in part, to contact with the polystyrene surface of the well. Subsequently, background levels were determined independently for each experiment and were subtracted from all other values.
Enzyme immunoassay also revealed that iC3b levels in serum overlying irradiated-A2E-laden-ARPE-19 cells were consistently higher than in serum maintained in contact with nonirradiated-A2E-laden-ARPE-19 cells (P Ͻ 0.05) (Fig. 2C) . The elevations in iC3b were prevented when EDTA (10 mM), an inhibitor of both the classical and alternative pathways, was added to serum before irradiation (data not shown). To control for complement activation from other sources, we also measured iC3b generation under conditions in which serum covered ARPE-19 cells that were irradiated in the absence of A2E and ARPE-19 that had not accumulated A2E and were not irradiated; statistically significant differences were not observed (P Ͼ 0.05). Levels of iC3b generated in the presence of zymosan, a yeast cell wall extract and potent activator of both the alternative and classical pathways (26) , were consistently higher than with irradiated A2E-laden RPE.
C3a Formation. To further monitor C3 cleavage, we measured the production of C3a-desArg by enzyme immunoassay. C3a is generated by C3 cleavage and then is converted rapidly by carboxypeptidase N in serum to the more stable C3a-desArg (17); detection of the latter is a reliable indicator of C3a generation via the classical and alternative pathways. The kinetics of C3a production are shown in Fig. 3A . In human serum overlying ARPE-19 cells that had accumulated A2E and were irradiated at 430 nm to generate A2E photooxidation products, activation of complement occurred. There was a steady rise in C3a content when serum incubation was continued for 30 -120 min after irradiation. During the same time period, C3a also increased in serum overlying ARPE-19 cells irradiated in the absence of A2E, but levels of C3a were higher in the samples contacting irradiated A2E-containing cells. By selecting a 2-h postirradiation incubation interval for further studies, we compared C3a levels generated in serum under various conditions (Fig. 3B) . C3a in serum-covering irradiated A2E-laden ARPE-19 cells was repeatedly higher than C3a in serum-contacting nonirradiated A2E-laden ARPE-19 cells (P Ͼ 0.05) and cells irradiated in the absence of A2E (P Ͼ 0.05).
iC3b with Peroxy-A2E and Furano-A2E. It could be argued that complement is not activated directly by A2E photooxidation products but instead by other molecular modifications (e.g., advanced glycation end products) that are known to form downstream from photooxidation events initiated by A2E in cells (42) . To probe for complement activation under conditions involving direct contact with A2E, peroxy-A2E, and furano-A2E, we synthesized these compounds for introduction to serum in solid form. Reverse-phase HPLC analysis of the products eluting from the reactions of A2E with 1,4-dimethylnaphthalene endoperoxide and A2E with MCPBA (meta-chloroperoxybenzoic acid) confirmed the compounds to be peroxy-A2E and furano-A2E (37), respectively: The chromatographic profiles indicated compounds more polar than A2E, hypsochromic shifts (peroxy-A2E, max 298, 434; furano-A2E, max 297, 433) relative to A2E ( max 337, 439) reflected oxidations at double bonds, and the molecular mass (m͞z 624) was corroborative for the addition of two oxygen atoms in the case of peroxy-A2E and a single oxygen atom in the case of furano-A2E (m͞z 608) (Fig. 4 A and B) .
By enzyme immunoassay, iC3b levels were elevated in serum incubated at 37°C in wells precoated with 156 g͞cm 2 peroxy- A2E and furano-A2E as compared with the methanol-only control (P Ͻ 0.05). No change in iC3b levels was observed at the lower concentration. There was also no difference in iC3b content when serum was incubated in wells coated with A2E. iC3b levels measured in serum incubated in an adjacent empty well were used for background subtraction. Suspensions of zymosan in serum produced levels of iC3b that were Ϸ2-fold greater than with peroxy-A2E and furano-A2E.
Discussion
It was proposed a few years ago that drusen forms as a product of local inf lammatory processes (1, 6) . More recently, associations between DNA sequence variants in complement factor H, factor B, and C2 have been identified that either confer protection or risk for AMD (10 -14) , thus implicating aberrant complement regulation in the presence of an activating agent as an underlying cause of the inf lammation. A question of importance pertains to the trigger for the complementassociated events. We have shown here that the photooxidation of A2E in ARPE-19 cells leads to the activation of complement. In addition, exposure of complement-containing serum to peroxy-A2E and furano-A2E, oxidized forms of A2E, also resulted in elevated levels of iC3b, a product of C3 activation that is present in drusen (13) . Bisretinoid lipofuscin pigments such as A2E are deposited in the RPE of all individuals, although studies of fundus autof luorescence demonstrate considerable differences in the amount of material accumulated by age-matched subjects (27) . The most pronounced accumulation of RPE lipofuscin occurs in central retina (27) . The amphiphilic structure of A2E conferred by two retinoid-derived arms connected through a pyridinium ring is unprecedented. Because A2E accumulates, it appears not to be recognized by lysosomal enzymes of the RPE. Invading pathogens also have been suggested as initiating agents in complement-mediated events underlying AMD (13), but infection may not explain readily why the disease process has a predilection for the macula. On the other hand, the evidence that photooxidation events associated with RPE lipofuscin contribute to AMD pathology is consistent with a role for oxidative mechanisms in AMD. For instance, smoking is recognized as conferring increasing risk of AMD, and the susceptibility is presumed to be due, at least in part, to oxidative processes (43, 44) . Consideration also has been given to light-mediated oxidation as a risk factor, and some, but not all, epidemiological studies have been able to establish a relationship (45) (46) (47) . Some clinical studies (48 -50) also have reported that dietary intake or supplemental use of antioxidant vitamins and nutrients can have a beneficial effect on the incidence of AMD. It is thus of potential interest that a number of naturally occurring antioxidants, including vitamins E and C, anthocyanins, and sulforaphane, have been shown to offer protection against A2E photooxidation (35, 51, 52) .
In our microplate assay with solid-form compound, serum incubated with precoated peroxy-A2E and furano-A2E, but not A2E, exhibited elevated levels of iC3b. Nevertheless, from these experiments, it is not possible for us to infer that it is oxygen-containing moieties on oxo-A2E that interact directly with complement. Other than via the oxygen-containing substituents, complement also could be activated by the hydroxyl moiety extending from the pyridinium ring of the molecules. Differences in the orientations of the molecules relative to the hydrophilic polystyrene surface would be expected to determine the portion of the molecule that was exposed to serum. A2E likely would have been oriented with its hydrophilic hydroxyl (-OH) group, forming hydrogen bonds with the hydrophilic polystyrene surface, but a less ordered arrangement could have resulted from oxidation on the side arms of A2E (peroxy-A2E and furano-A2E). In terms of the chemical groups on the oxo-A2E species, it is also important to note that the photooxidation of A2E produces a complex mixture of products that we are only beginning to understand. As we have previously noted, the O-O bond of the endoperoxide moieties can be expected to readily undergo cleavage, yielding a number of intermediates and products including aldehydes (37) . One might envision that fragments of A2E produced by photooxidation and containing the pyridinium nitrogen and hydroxyl group of A2E could serve as small nucleophiles capable of hydrolyzing the thioester bond within C3. Further work will be necessary to determine whether activation is by means of the alternative versus classical pathways and to test other bisretinoid lipofuscin pigments (atRAL d-PE and atRAL dimerethanolamine) that we know undergo photooxidation (32). Fig. 4 . iC3b generated in serum incubated with solid-form peroxy-A2E and furano-A2E. (A and B) Reverse-phase HPLC detection of peroxy-A2E (A) and furano-A2E (B) after synthesis. UV-visible absorbance spectra (A Insets and B Insets) reveal hypsochromic shift (Ϸ40 nm relative to A2E) in the longer wavelength peak, which is indicative of oxidation. Mass (m͞z) was assigned by LC-MS with electrospray ionization. (C) iC3b levels in serum that was incubated in wells of a microtiter plate precoated with peroxy-A2E, furano-A2E, and A2E (31 or 156 g͞cm 2 ). iC3b levels measured in undiluted human serum that had been incubated in an empty well at 37°C were subtracted as background. A suspension of zymosan in serum served as the positive control. iC3b was measured by enzyme immunoassay. Means Ϯ SEM of three experiments. * , P Ͻ 0.05 as compared with solvent (methanol) control.
It is notable that because RPE lipofuscin is sequestered within the lysosomal compartment of the cell, the chemical moieties discussed above are not within immediate reach of complement. However, upon irradiation, A2E becomes photooxidized, and mass spectral analysis indicates that as oxidation proceeds, A2E fragments (Fig. 2) . The observation in the present experiments, that complement was activated in serum overlying irradiated-A2E-laden RPE, also is consistent with the view that cleavage products of photooxo-A2E can leave the cell or, in the very least, interact with complement at the cell surface. The amount of A2E that undergoes photooxidation and cleavage in a lifetime may be significant: We have shown that the amount of A2-PE, the immediate precursor or A2E, is severalfold greater than the amounts of A2E that accumulate in RPE cells (53) . One explanation for this finding is that normally, a portion of the A2E that forms is lost. Because it is known that levels of A2E in RPE do not diminish under dark conditions (54) , it is likely that the light-dependent conditions involve photooxidative processes. Decreased fundus autof luorescence is observed in areas of photoreceptor cell degeneration (55) ; perhaps this observation can be explained by arrested deposition (due to the absence of photoreceptor cells) coupled with depletion due to photooxidation.
AMD is a disease of the elderly, but it develops progressively over many years before diagnosis. We suggest that photooxidation events initiated in RPE lipofuscin and continuing over time contribute to the inflammatory processes underlying the disease processes. Whether specific constituents of drusen such as amyloid-␤ (56) and oxidatively modified protein (4) also play a role through complement activation is not known. Also of interest is the possibility of interplay amongst genes that confer susceptibility to inflammation on the one hand and dietary, environmental, and genetic factors that might influence the processes of lipofuscin formation and photooxidation on the other. Our findings lend support to several strategies proposed for the prevention and treatment of AMD, including antioxidant intake (48) (49) (50) , immunosuppressant therapy (6), and small molecule inhibitors that restrain lipofuscin formation (57, 58) .
Materials and Methods
Synthesis of A2E, Peroxy-A2E, and Furano-A2E. A2E was synthesized from atRAL and ethanolamine (2:1) as described (29) . To synthesize furano-A2E, A2E (20 mg in 1 ml of methanol) was incubated with MCPBA (11.6 mg; Sigma-Aldrich, St. Louis, MO) and furano-A2E was purified by HPLC as reported in ref. 37 . Peroxy-A2E was generated by incubating A2E (15 mg) with 1,4-dimethylnaphthalene endoperoxide (48 mg) (59) in CD 3 OD (1 ml), and the oxidation product was purified by reverse-phase HPLC by using a C18 column (10 ϫ 250 mm, 5 mm) and the gradient mode of H 2 O and acetonitrile with 0.1% trifluoroacetic acid, as described in ref. 37 .
Preparation of Human Serum. Fresh human serum was obtained from blood samples obtained in the absence of anticoagulant. Clotted blood (30 min, room temperature) was centrifuged at 1,500 ϫ g for 10 min, and the collected serum was aliquoted and stored at -80°C.
Cell Culture. Human adult RPE (ARPE-19; American Type Culture Collection, Manassas, VA) cells lacking endogenous A2E (60) were grown in eight-well slide chambers to confluence as reported in refs. 34 and 60. Subsequently, synthesized A2E was introduced to the cultures (10 M concentration in medium) for accumulation in the lysosomal compartment of the cells, as formerly described in ref. 60 .
Quantitative HPLC and FAB-MS. For the quantification of A2E in cultured cells, the pelleted cells were solubilized in 0.1% Triton X-100 and extracted three times with chloroform͞methanol (2:1). The extract was dried under argon, redissolved in methanol, and analyzed by reverse-phase HPLC (Waters; 2695 HPLC, Model 2996 photodiode array detector) by using a dC18 column (4 ϫ 150 mm) and an acetonitrile and water gradient with 0.1% trifluoroacetic acid (gradient; 90-100%, 0-10 min; 100% acetonitrile, 10-20 min; flow rate, 0.8 ml͞min; monitoring at 430 nm). Integrated peak areas were determined by Empower software, and picomolar concentrations were calculated by using external standards of A2E.
To demonstrate A2E photooxidation by FAB-MS, samples of A2E (200 M) in PBS (with 0.1% DMSO) were irradiated at 430 nm (Ϯ20 nm, 8 mW͞cm 2 ) for 1-20 min. FAB-MS was performed on a JOEL JMS-HX110A͞110A tandem MS (Akishima, Tokyo, Japan) by using 10-kV acceleration voltage and fitted with an X3 beam FAB gun (6 kV) on the MS-1 ion source and 3-nitrobenzyl alcohol as matrix.
In Vitro Complement Activation. After aspirating the culture medium, A2E-laden RPE were washed with DPBS (GIBCO, Grand Island, NY), and 50 l of undiluted human serum was added to each well. The appropriate wells then were irradiated simultaneously at 430 nm (2.6 mW͞cm 2 , 30 min) from below, after which they were incubated at 37°C for 30, 60, or 120 min with agitation. For kinetic studies, aliquots of serum were taken at timed intervals. Undiluted nonirradiated serum incubated at 37°C in otherwise empty wells and serum maintained on ice were evaluated for background complement activation. A suspension of Zymosan A (0.25 mg͞50 l serum; Sigma-Aldrich) served as positive control. Endotoxin (LPS) levels in human serum after incubation with irradiated A2E-containing ARPE-19 cells were determined by chromagenic Limulus amebocyte lysate assay (Associates of Cape Cod, East Falmouth, MA; pyrochrome with diazo reagent for a 540-nm reading; detection limit Ͻ0.005 endotoxin units per ml) to be Ͻ0.7 endotoxin units per ml.
To coat the wells of 96-well plates with solid-form compound, solutions of A2E, peroxy-A2E, and furano-A2E in methanol (10 and 50 g͞50 l) and methanol alone, were added to the wells, after which the plates were incubated in the dark (37°C, 90 min) to allow solvent evaporation. Once dried, undiluted human serum (50 l) was placed in each well, and incubation was continued for 2 h. The concentrations of coated compound were calculated to be 31 and 156 g͞cm 2 .
Measurement of Complement Activation Products. To measure complement activation, the content of iC3b and C3a were measured in the serum samples by enzyme immunoassay (Quidel Corporation, San Diego, CA). Accordingly, from each serum sample that had been incubated as described above, a 5-l aliquot was removed and diluted 1:50 in diluent containing EDTA. The assay used microassay wells precoated with monoclonal antibody to C3a or iC3b, HRP-conjugated antihuman C3a, or iC3b and a chromogenic enzyme substrate with reactivity that could be monitored spectrophotometrically at 405 nm. The optical density obtained for samples of incubated serum (37°C, 2 h) was subtracted from values obtained for other samples and C3a and iC3b standards of known concentrations (micrograms per milliliter) were used for calibration. All samples were assayed in duplicate, and the operator was blinded as to the identity of the samples.
Statistical Analysis. Data were analyzed by one-way ANOVA and Bonferroni's multiple comparison test (Prism; GraphPad, San Diego, CA).
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